Trichloroethene (TCE) and other chloroethenes such as perchloroethene, cis-1,2-dichloroethene (cis-DCE) and chloroethene (also known as vinyl chloride, VC) are compounds that are widely distributed at many contaminated environmental sites around the world. In the US, TCE is recognized as the most commonly found contaminant at Superfund sites (US Environmental Protection Agency, 1991) . These compounds are known as, or suspected of being, human carcinogens, and are regulated. The bioremediation and biodegradation of TCE has been examined by many microbiologists and environmental engineers for over 15 years. Anaerobic and aerobic transformation pathways and micro-organisms have been described (Fetzner, 1998; Gerritse et al., 1995) . In field and laboratory experiments, many investigators have used phenol, toluene and methane as growth substrates and as inducers for enzymes that are capable of degrading chlorinated ethenes (Nelson et al., 1987 (Nelson et al., , 1988 Sullivan et al., 1998) . The fortuitous degradation of toxic compounds is known as co-metabolism (Semprini, 1995) .
In previous studies, several different species of aerobic bacteria that are capable of degrading TCE were enriched and isolated by using phenol or other aromatic compounds (Ensley, 1991) . Several species and strains were members of the class Proteobacteria and species of the genus Pseudomonas. There are also reports of Gram-positive bacteria that are capable of degrading TCE, when grown on phenol. We report on the enrichment and isolation of an actinomycete, strain SL-1 T , which is capable of growing on phenol and degrading TCE, cis-DCE and VC. On the basis of chemotaxonomic, physiological and phylogenetic properties, the strain was characterized as a newly described species of the genus Pseudonocardia.
Strain SL-1 T was isolated from an enrichment that was developed and maintained in the Department of Civil and Environmental Engineering at the University of Washington. Details of the enrichment have been described previously (Lee et al., 2000) . To summarize, the enrichment was contained in a laboratory-scale, shallow, sparged, suspended growth bioreactor. TCE-contaminated air was bubbled continuously into the 2 l cylinder. Phenol was used as the primary carbon and energy source. Phenol was introduced every 2 h to maintain a 6 day retention time for solids. The reactor was inoculated with a TCE-degrading mixed aerobic culture that had been used in a previous investigation (Bielefeldt et al., 1995) . A microbial enrichment that was capable of degrading phenol and TCE developed in 1 month. Observations of the reactor contents using a phase-contrast microscope suggested that the enrichment consisted largely of a branching filamentous type of microorganism. The enrichment was maintained for several months.
Pure cultures of a bacterium were isolated from the enrichment culture by performing a serial dilution of the enrichment and streaking aliquots onto mineral-medium agar plates containing 14 mg phenol l
21
. (Lee et al., 2000) . Colonies were restreaked on the mineral medium. All colonies had a similar morphology. A single colony was then transferred into a 160 ml serum bottle containing 1 % (w/v) yeast extract. The yeast extract-grown culture was transferred onto an agar plate containing 14 mg phenol l
. Colonies growing on a phenol agar plate were selected. After three more transfers onto phenol agar plates, a pure culture was isolated. The pure culture, strain SL-1 T , was maintained in a chemostat fed with 14 mg phenol l 21 and operated at a 6 day retention time for solids. The mineral medium described above was used in the chemostat.
The concentrations of TCE, cis-DCE and VC were measured in the gas phase of the chemostat by using a GC equipped with a flame-ionization detector (Lee et al., 2000) . Phenol concentrations in the liquid were monitored using a colorimetric method, the CHEMets phenols kit (CHEMetrics), and detected quantitatively by using an acetic anhydride derivatization method (Coutts et al., 1979) .
The morphology of the enrichment and SL-1 T was examined periodically using phase-contrast light microscopy. Carbon utilization of a variety of substrates was examined using a GP2 MicroPlate (Biolog). To prepare material for the Biolog plate, mycelial fragments from the agar surface were transferred in 13?5 ml 0?2 % carrageenan type II. The OD 590 was adjusted to approximately 0?2. Following a 10-fold dilution with 0?2 % carrageenan type II, the bacterial solution was inoculated into a GP2 MicroPlate with 100 ml per well. Turbidity within individual wells was determined after incubating the plate for 5 days at 25 u C.
Standard phenotypic tests used previously for describing novel species of Pseudonocardia and other actinomycetes were also performed (Gordon et al., 1974) . Inoculated media for these tests were incubated at 28 u C for a period of up to 28 days. The production of acid from a variety of carbohydrates was examined using a basal inorganic nitrogen medium. The pH of this medium was adjusted to pH 7?0 before the addition of the bromocresol purple solution; 0?5 ml 10 % carbohydrate solution was added to 4?5 ml basal inorganic nitrogen medium. The decomposition of adenine, hypoxanthine, L-tyrosine and xanthine was observed by adding these compounds separately to nutrient agar and examining the plates for zones of clearing around the colonies. Tolerance of additional NaCl (Reichert et al., 1998) was examined by adding 3, 4 and 5 % (w/v) NaCl to peptone/yeast extract agar (Evtushenko et al., 1989) . Decomposition of urea was determined using urease broth (Gordon et al., 1974) .
The diaminopimelic acid, cell-wall sugar and menaquinone composition of strain SL-1 T was determined by the Probionic Company (Yusong, Korea) using standard procedures. The isomer type of the diaminopimelic acid in the cell wall was identified by TLC according to Komagata & Suzuki (1987) . The sugars of the cell wall were analysed as described previously (Saddler et al., 1991) . Menaquinones were analysed using reverse-phase HPLC as described by Komagata & Suzuki (1987) .
Whole-cell fatty acid methyl esters were determined by following the protocols described by MIDI (1993) with the exception of the medium that is routinely suggested by MIDI for aerobic heterotrophic bacteria; BBL trypticase soy broth (TSB) agar (BD Diagnostic Systems) was not satisfactory for growing a sufficient amount of strain SL-1 T biomass. Preliminary experiments were performed with other solid media used previously for the cultivation of actinomycetes, including malt agar and actinomycete medium, but none provided sufficient mass for performing the MIDI fatty acid analysis. The protocol suggested by MIDI for the cultivation of actinomycetes was followed: this recommended inoculating BBL TSB in 125 ml flasks and shaking the flasks at 125 r.p.m. at 28 uC. Cells were grown for 7 days and harvested by decanting the supernatant.
For the extraction of DNA to be used for sequencing of the 16S rDNA, strain SL-1 T was grown in TSB at 28 u C. Four small aggregates of cells, removed from the broth using a pipette tip, were used for DNA preparation according to the protocol described by Bio-Rad for the InstaGene matrix; 10 ml from the resulting supernatant was used in a 100 ml PCR. The 16S rDNA was selectively amplified from genomic DNA with a PCR using the universal bacterial primer 8fb-JP (59-GAGGCGCGCCGAGTTTGATCCTGG-CTCAG-39) as the forward primer and universal primer 1492RU-JP (59-TTTTAATTAAGGCCTTGTTACGACTT-39) as the reverse primer. These amplification primers have restriction sites at the 59 ends for AscI (8FB-JP) and PacI (1492RU-JP). The PCR cocktail included 10 ml Promega reaction buffer, 0?8 ml 25 mM dNTP mixture, 1 ml each primer, 4 ml of a 25 mM solution of MgCl 2 , 2?5 ml of a 50 % (v/v) solution of acetamide and 70 ml water. Amplified product was purified by passing it through a BioGel P-6 gel column (Bio-Rad). To prepare the amplified 16S rDNA for ligation to cloning vector pNEB193 (New England BioLabs), the product and vector were separately digested for 2 h at 37 u C with AscI and PacI. The digested 16S rDNA and vector were purified by passage through a BioGel P-6 column. The PCR product was ligated into cloning vector pNEB193 using T4 DNA ligase (Gibco), and the ligated mixture was passed through a BioGel P-6 column. The ligated mixture was then transformed into Epicurian Coli SL1-Blue MRF9 competent cells (Stratagene) by electroporation at 1?7 kV. Following electroporation, the cells were placed in SOC medium (Ausubel et al., 1994) for 1 h at 37 u C and then plated onto Luria-Bertani agar containing ampicillin, IPTG and X-Gal. Plasmids were recovered from transformed colonies by inoculating selected colonies into Luria-Bertani agar containing ampicillin, incubating this overnight at 37 u C and performing a quick boiling lysis preparation with ammonium acetate. Preparations were screened for the expected size of vector DNA plus 16S rDNA by digesting the plasmids with PacI and AscI and estimating the total size by gel electrophoresis.
Automated sequencing was performed using the ABI Big Dye Primer cycle sequencing ready reaction kit (Perkin Elmer Applied Biosystems). The manufacturer's suggested PCR mixtures and temperature conditions were used. Unincorporated nucleotides, primers and dyes were removed by passing the sequencing reaction material through Centri.Sep spin columns (Princeton Separations). Sequencing was performed on an Applied Biosystems ABI 377 DNA sequencer. The 16S rDNA was sequenced in both directions using M13-20 and M18-24R vector primers. The internal forward and reverse primers were as described previously (Gray & Herwig, 1996) .
The DNA sequence obtained for strain SL-1 T was compared with 16S rRNA sequences in Ribosomal Database Project II (RDP-II) using the SEQUENCE MATCH (version 2.7) analysis utility present on the RDP-II Internet web site (Maidak et al., 2001) . Preliminary analysis of the sequence suggested that SL-1 T was a member of the high-G+C division of the Gram-positive bacteria. Phylogenetic analysis was performed using the maximum-likelihood-based program fastDNAmL, version 1.1.1a (Felsenstein, 1981; Olsen et al., 1994) . Before this program could be used, some program parameters needed to be calculated. First, the category rates for each position of the 16S rDNA molecule were determined by using a set of 40 randomly selected, nearly full-length and aligned 16S rDNA sequences for Gram-positive, high-G+C bacteria in the RDP-II database. The program DNArates, version 1.0.0 (Maidak et al., 2001) , together with fastDNAmL, was used to determine category rates. Nine category rates were calculated. To initiate this determination, a phylogenetic tree for the 40 sequences was constructed using fastDNAmL. Following the cycle, the category rates were determined using the phylogenetic tree that was found and the sequence data. These category rates were then used to construct a second tree using the same sequence data. This process was repeated again, so that the category rates that were calculated after the third cycle were then used to construct the phylogenetic tree for strain SL-1 T .
The 16S rDNA sequence for strain SL-1 T was aligned with a representative set of aligned 16S rRNA sequences obtained from RDP-II (Maidak et al., 2001) . The sequence for strain SL-1 T and other unaligned sequences were aligned using the program SEQUENCE ALIGNER, version 1.7, on the RDP-II web site (Maidak et al., 2001) . Aligned and gapped sequences were examined and manual corrections were made using the Macintosh computer program SeqPup, version 0.9 (Gilbert, 1999) , and the Microsoft Windows program BioEdit, version 5.0.9 (Hall, 2001 ).
In addition to the category rates option, the following fastDNAmL program options were selected: the transition/ transversion ratio was set to 1?5; global rearrangement of the tree was permitted; and, in the input file, the sequence order was jumbled a maximum of 30 times until the best tree was found five times. Representative sequences included in the phylogenetic analyses were complete or nearly complete full-length 16S rDNAs. An outgroup organism was also included in the analysis. Tree files that were generated were plotted and rearranged using the Macintosh program NJplot (Gouy, 2000) .
To test the robustness of the maximum-likelihood analysis, a bootstrap analysis of the sequence data was performed using the program fastDNAmL with the bootstrap option (Felsenstein, 1981; Olsen et al., 1994) . Five hundred sets of trees were generated in the bootstrap analysis and a consensus tree was generated by using CONSENSE, part of the PHYLIP version 3.6 package (Felsenstein, 1995) . The program CONSENSE was run using the extended majority rule. In this option, any organism that appears in more than 50 % of the trees is included. The program then considers the other sets of species in order of the frequency with which they have appeared, adding to the consensus tree any that are compatible with it until the consensus tree is fully resolved.
Strain SL-1 T was isolated from a laboratory enrichment capable of degrading TCE. Microscopic examination of SL-1 T grown on agar revealed the development of extensive mycelium (Fig. 1 ). Spores were observed at the ends of the cell filaments. Fully developed mycelium and formation of spores are distinct characteristics not shared by other TCEdegrading actinomycetes (Ewers et al., 1990; Kesseler et al., 1996; Saeki et al., 1999; Wackett et al., 1989) such as Mycobacterium and Rhodococcus species, which grow mainly as single cells without spore formation.
Strain SL-1 T grew well on agar plates and in liquid shaken cultures on both complex organic media (such as TSB) and mineral media amended with 3 g glucose l 21 and 30 mg yeast extract l 21 at room temperature. When phenol was used as a carbon and energy source, the culture developed a yellow colour, suggesting the presence of the meta-cleavage pathway of phenol degradation. Additional phenotypic tests (Table 1 ) used in previous taxonomic descriptions of Pseudonocardia species were performed (Huang et al., 2002; Lee et al., 2001 Lee et al., , 2002 Reichert et al., 1998) . Strain SL-1 T was capable of forming acid from most of the carbohydrates that were tested, with the exception of D (2) T are able to grow at the higher NaCl levels.
The diaminopimelic acid in whole-cell hydrolysates of strain SL-1 T was in the meso configuration, and the diagnostic sugars arabinose and galactose were detected in whole-cell hydrolysates; these features are characteristic of cell wall type IV (meso-diaminopimelic acid, arabinose and galactose). The family Pseudonocardiaceae is defined on the basis of the presence of type IV cell walls without mycolic acids (Embley et al., 1988) . These data suggested that strain SL-1 T belongs to the family Pseudonocardiaceae. Strain SL-1 T possessed MK-8(H 4 ) as the predominant menaquinone. All species of Pseudonocardia, a genus that now also includes the members of the genera Amycolata (Warwick et al., 1994) and Actinobispora (Huang et al., 2002) , contain MK-8(H 4 ) as the major menaquinone (Embley et al., 1988; Huang et al., 2002) .
With regard to the whole-cell fatty acid composition of strain SL-1 T , the fatty acid found in the largest concentration (37?3 %) was the branched compound 16 : 0 iso (Table 2 ). This fatty acid was also found in the highest concentrations in P. hydrocarbonoxydans, Pseudonocardia asaccharolytica, P. sulfidoxydans, P. halophobica, P. autotrophica and Pseudonocardia compacta (Reichert et al., 1998) . Several other fatty acids were found in strain SL-1 T , but in much lower proportions. The fatty acids 16 : 0, 16 : 0 10-methyl, 17 : 0 iso and 17 : 0 anteiso were each found at concentrations of approximately 6 %, the T removed from a chemostat maintained at 25 6C and fed with phenol (14 mg l "1 ) and mineral medium described in the text. Extensive mycelium (a) and spore formation at the ends of filaments (b) were observed.
next highest concentration of fatty acid found. All other fatty acids were in lower concentrations.
Strain SL-1 T degraded the following chlorinated ethenes: TCE, cis-DCE and VC (Fig. 2) . To avoid a decrease in the degradation rate because of possible electron donor limitation, 10 mg phenol l 21 was added at days 1 and 3 during the experiment. Degradation rates were the highest for cis-DCE, followed by VC and then TCE. The addition of phenol significantly enhanced the degradation rates of the chlorinated ethenes. Phenol may provide the necessary reducing power for TCE oxidation and cellular energy for repairing cell damage due to metabolite toxicity. Metabolite toxicity was previously reported for the co-metabolic degradation of chlorinated ethenes by aerobic cultures grown in the presence of phenol or methane (Sullivan et al., 1998) . The ability to avoid or minimize the effects of metabolic toxicity (Bielefeldt et al., 1995) is an important consideration in the choice of organisms to add to or select for the remediation of contaminated sites. The enrichment culture from which strain SL-1 T was isolated exhibits an unusually high resistance to the toxicity of metabolites formed during co-metabolism of TCE (Lee et al., 2000) . These characteristics are useful in the removal of TCE from contaminated gases and liquids, especially under conditions of high loading, e.g. in bioreactors when the contaminants are present at high concentrations. Additional research with strain SL-1 T could facilitate its application to the remediation of environmental contamination.
In recent years, strains of Pseudonocardia and other actinomycetes have been reported to degrade environmental contaminants, particularly compounds that are aromatic hydrocarbons or that contain aromatic rings. For example, Pseudonocardia strain DB1 degrades benzothiophene sulfones (Bressler et al., 1999) . Seven different genera of toluene-degrading bacteria were isolated from a compost biofilter; most belonged to the genera Pseudonocardia and Rhodococcus (Juteau et al., 1999) . Kohlweyer et al. (2000) recently reported the isolation of Pseudonocardia sp. strain K1, an organism capable of growing aerobically on tetrahydrofuran as a sole source of carbon and energy. The nearly complete 16S rDNA sequence for strain SL-1 T consisted of 1444 nucleotides. This sequence was compared with prokaryote sequences present in RDP-II (Maidak et al., 2001) and GenBank (Altschul et al., 1997) . A preliminary comparison of the 16S rDNA with sequences present in the databases suggested that SL-1 T was a species of Pseudonocardia. Therefore, recognized type strains of Pseudonocardia and representative Gram-positive bacteria were included in the dataset for the phylogenetic analysis. Strain SL-1 T showed the greatest similarity, in terms of 16S rDNA sequence, to the following organisms with nearly complete sequences (numbers in parentheses indicate the percentage similarity and the fraction of bases from strain SL-1 T that were compared to the 16S rDNA sequence from the databases): Pseudonocardia yunnanensis (96 %, 1399/1445), P. hydrocarbonoxydans (96 %, 1396/1444), P. sulfidoxydans (96 %, 1406/1456), P. halophobica (96 %, 1390/1445), Pseudonocardia petroleophila (96 %, 1391/1448), P. zijingensis (97 %, 1233/1263) and P. asaccharolytica (95 %, 1384/1450) (Altschul et al., 1997) . No type strains of Pseudonocardia species showed 16S rDNA similarity greater than 97 %.
A phylogenetic tree (Fig. 3 ) was constructed using a maximum-likelihood program. The outgroup used for the tree was Clostridium tetani NCTC 279 T . The ln(likelihood) value for the tree was 28013?50628. All but four branch lengths are significantly positive (P<0?1). Two branches were significantly positive only at P<0?5, and two branches did not have a significant length. The best tree found placed strain SL-1 T in a clade of organisms composed of species of the genus Pseudonocardia. As shown in Fig. 3 , Pseudonocardia species, including species that were formerly members of the genus Actinobispora (Huang et al., 2002) , are phylogenetically very closely related to each other. To examine the robustness of the maximum-likelihood analysis, the data were bootstrapped 500 times; the resulting consensus tree is also presented in Fig. 3 . Results of the consensus analysis showed the association of strain SL-1 T with the clade consisting of species of Pseudonocardia. Unfortunately, the phylogenetic information provided by the 16S rDNA did not place strain SL-1 T consistently during the bootstrap analysis within a well-defined smaller clade of organisms within the phylogenetic tree. As in the best maximum-likelihood tree (Fig. 3) , in the bootstrap analysis SL-1 T was phylogenetically associated with P. asaccharolytica DSM 44247 T , but this association was found in only 33 % of the bootstrap trees. On the other hand, strains that were formerly described as members of the genus Actinobispora (Huang et al., 2002) , i.e. Pseudonocardia aurantiaca CCTCC AA97002 T , Pseudonocardia alaniniphila CCTCC AA97001 T , P. yunnanensis CCTCC M90959 T and P. xinjiangensis CCTCC AA97020 T , were members of the same clade in 100 % of the bootstrap analyses. The reason Fig. 3 . Best maximum-likelihood phylogenetic tree and consensus phylogenetic tree for P. chloroethenivorans SL-1 T , Pseudonocardia species and other representative Gram-positive bacteria based on 16S rDNA sequences. In the maximumlikelihood tree, the letters 'ns' by species names and nodes indicate branch lengths that are not significant; asterisks (*) indicate branch lengths that are significantly positive at the P<0?05 level. All of the remaining branch lengths are significantly positive at P<0?01. Bar, 2 nucleotide changes per 100 bases. The consensus phylogenetic tree was produced following the bootstrap sampling of 500 datasets. Numbers above horizontal branches in the tree represent percentages of bootstrap trees that conform to the branching order presented in the consensus tree. The consensus tree only provides the branching order, not the evolutionary distances between nodes.
for the poor resolution of strain SL-1 T was the somewhat ambiguous nature of the 16S rDNA of strain SL-1 T , as suggested by the results of the program CHIMERA_CHECK. This program was developed primarily to look for the presence of chimeras in 16S rDNA clones (Maidak et al., 2001) . The first 790 bases of strain SL-1 T 16S rRNA showed greater similarity to 16S rDNA from P. yunnanensis CCTCC M90959
T , while the 39 end of the molecule showed greater similarity to P. sulfidoxydans DSM 44248
T . Thus, a bootstrap analysis of the phylogenetic data led to poor resolution of the placement of strain SL-1 T within the closely related clade of Pseudonocardia species. Despite the close phylogenetic affinity between strain SL-1 T and P. asaccharolytica DSM 44247 T , they could be easily differentiated from each other by means of many phenotypic characteristics (Table 1) .
On the basis of the 16S rRNA gene sequence, physiological properties (including the ability to degrade chloroethenes and phenol) and chemotaxonomic characteristics, we propose that strain SL-1 T be considered a novel species, with the name Pseudonocardia chloroethenivorans sp. nov. Urea is not degraded. Growth does not occur in the presence of 4 or 5 % (w/v) NaCl. Capable of growing on phenol as a source of carbon and energy. TCE, cis-DCE and VC are degraded. Cell wall contains meso-diaminopimelic acid as the diamino acid. Whole-cell hydrolysate contains galactose and arabinose. Lacks mycolic acid. Major menaquinone is MK-8(H 4 ). The fatty acid found in the largest amounts in whole-cell preparations is 16 : 0 iso.
Description of
The type strain, SL-1 T (=ATCC BAA-742 T =DSM 44698 T ), was isolated from an aerobic laboratory enrichment in the Department of Civil and Environmental Engineering, University of Washington, Seattle, WA, USA.
